The kinetics of a-NADH-dichlorophenolindophenol (DCPIP) and a-NADH-cytochrome c reductase reactions of rat liver microsomes showed that the reactions proceeded by a ping-pong mechanism, and that the oxidation of a-NADH was the rate-determining reaction. The DCPIP-reducing activity with a-NADH in the presence of ADP was about 1% of that with /3-NADH. ADP inhibited the a-NADH-DCPIP reductase reaction in a competitive manner with respect to a-NADH and a value of 1.2 mM for the inhibition constant was obtained. ADP also inhibited cytochrome b 5 reduction with a-NADH. More than 90% of cytochrome b$ was reduced under conditions where 90% of the a-NADH-DCPIP reductase activity was suppressed with ADP. The reduction of DCPIP with a-NADH preceded that of cytochrome b*,, but the reductions partly overlapped. From these results, a diversed electron flow from a-NADH to cytochrome b 5 and electron sharing between cytochrome b 5 and DCPIP were indicated. a-NAD + also inhibited the a-NADH-DCPIP reductase reaction.
Microsomal NADH-cytochrome b 5 reductase {EC 1.6. 2.2] transfers an electron from NADH to cytochrome b 5 and cytochrome P-450, and participates in fatty acid desaturase [EC 1.14.99. 5] (9) and lanosterol oxidase (10) reactions. The enzyme may be involved in NADPH-dependent hydroxylation reactions as one of the electron donor (11) (12) (13) (14) . In fact, cyanide and stearyl-CoA changed the redox state of NADH-reduced cytochrome b 5 and the biphasic nature of the reoxidation process of reduced cytochrome b b was dependent upon nutritional conditions which induced the desaturase activity (75). Cytochrome P-450 was reduced with NADH in the presence of CO, a process which was also biphasic (7) . However, the anaerobic reduction of cytochrome P-450 with NADH was very slow in the absence of CO (16, 17) , and no synergistic effect of NADH was observed in the aniline hydroxylation reaction (18) . The involvement of cytochrome b b in the reduction of cytochrome P-450 with NADH has not been directly proved but is supported by many lines of evidence (11) (12) (13) 19) . The detailed mechanism of reduction of cytochrome b b with NADPH is still unclear (20, 33) . Therefore, many problems still remain regarding the mechanisms of electron transfer from NADH to those cytochromes.
In connection with such problems regarding NADH-dependent electron transfer reactions, the existence of an NADH-dependent flavoprotein having different properties from NADHcytochrome b 5 reductase has been indicated. An enzyme was isolated from pig liver microsomes, which showed NADH-cytochrome c reductase activity but no cytochrome 6 5 -reducing activity (21) . Direct electron transfer from JNLADH to cytochrome c without the mediation of cytochrome b 5 was postulated with rat liver microsomes (22, 23) . About 50% of NADH-DCPIP reductase activity disappeared after lysosome treatments during the purification of NADH-cytochrome b 5 reductase (24) . In addition, an interesting study is now in progress: native microsomes can bind exogenously added purified cytochrome h, and NADH fully reduced both endogenous and exogenously bound cytochrome 6 5 (25, 26) . This model experiment indicates the possible existence of a diversed electron flow from NADH to cytochrome b b in the microsomal membrane, because the content of the reductase is estimated to be much less than that of cytochrome b s .
The present paper deals with such problems of NADH-dependent electron transfer reactions, especially the kinetic properties of reactions involved in the system using a-NADH as a substrate.
MATERIALS AND METHODS
Male, adult rats of the Wistar strain were obtained from the Kyoei Animal Company, Ltd., Osaka and maintained on stock ration. The rats were killed by decapitation; liver was perfused in situ with about 200 ml of 0.25 M sucrose. Microsomes were prepared according to the procedure of Gaylor and Mason (10) . In the present case, glutathione and nicotinamide were omitted from 0.1 M potassium phosphate buffer, pH 7.4, to avoid affecting NADH-dependent reductase activities. All operations were carried out at 4°. As the reductase activity gradually decreased even when the microsomal pellets were stored at 4" under a layer of fresh buffer, freshly prepared microsomes were used for all experiments. All experiments were performed in 0.1 M potassium phosphate buffer, pH 7.4, unless otherwise stated. NADH-DCPIP and NADH-cytochrome c reductase activities were measured spectrophotometrically at 25° by following the changes in absorbance at either 600 nm or 550 nm, respectively. Cuvettes contained the phosphate buffer, microsomes, NADH, and either DCPIP or cytochrome c. The reactions were initiated by adding a small amount of NADH to the reaction mixture. The oxidation-reduction of cytochrome h was measured by following the changes in absorbance difference between 424 nm and 409 nm at 25°. Simultaneous measurement of the reduction of DCPIP and cytochrome b 5 with NADH was performed by following the changes in absorbance at 424 nm and 600 nm using a Hitachi two-wavelength spectrophotometer. The effects of dicoumarol, antimycin A, and rotenone on the reductase activities were negligible. NADH was dissolved in 0.1 mM NaOH solution, and freshly prepared solutions were used. From the reaction with LDH [EC 1.1.1. 27] and pyruvate, contamination by £-NADH in the a-NADH solution was undetectable and the epimerization of a-NADH to /3-form, as reported recently (5, 6) , was also negligible on storage at 4° for a few hours. Millimolar extinction coefficients of 6.22, 5.6, 21, and 18.5 for /3-NADH (27), a-NADH (28), DCPIP (29) , and reduced minus oxidized cytochrome c (30) at 340, 344, 600, and 550 nm were used, respectively. The rate of the enzymatic reactions was expressed as nmoles acceptor reduced/min per mg of microsomal protein, and the microsomal protein was •determined by the method of Lowry (31) NADH-cytochrome c reductase activity. In this case also, the double reciprocal plots were all linear and parallel (Fig. 2, A and B) , and the kinetic constants compared well with the reported data (32) ( Table I) . Figs. 1 and 2 , the kinetic properties of the a-NADH-DCPIP and a-NADH-cytochrome c reductase reactions both differed markedly from those with /3-NADH, especially as regards the dependence of the reaction velocity on acceptor concentrations. The relationship between the reaction velocity of the a-NADH-DCPIP reductase reaction and the concentration of DCPIP is shown in Fig.  3A . The plots showed that the reaction rate at a given concentration of a-NADH was almost constant in the concentration range of DCPIP employed. Similar constancy was also observed at several concentrations of a-NADH used. Accordingly, the double reciprocal plots of the reaction velocity versus the concentra-
Kinetics of the a-NADH-DCPIP and a-NADH-cytochrome c Reductase Reactions-In contrast to the results in
tion of a-NADH with respect to several concentrations of DCPIP gave single linear plots (Fig. 3B) . Similar results were obtained for the a-NADH-cytochrome c reductase reaction. The rate at a given concentration of a-NADH was constant for several concentrations of cytochrome c (Fig. 4A) , and the double reciprocal plots of the reaction velocity versus the concentration of a-NADH gave single linear plots Maximum velocity /nmoles acceptor reducedA \ min per mg protein / a-NADH-DCPIP reductase /S-NADH-DCPIP reductase a-NADH-cytochrome c reductase jS-NADH-cytochrome c reductase ping-pong type mechanism. The results in Figs. 3 and 4 also showed that a-NADH dependent reductase reactions were similar to j8-NADH dependent reactions, in which a-NADH oxidation was the rate-determining reaction. The validity of this mechanism with a-NADH is supported by the kinetic constants in Table  I and the lines in Figs. 3 and 4; (a) the apparent Michaelis constants for acceptors were very small, (b) the apparent Michaelis constants for a-NADH were almost the same in the two reductase reactions, (c) the maximum reaction velocities of the two reductase reactions with a-NADH were both about one-tenth of those with /5-NADH, (d) the kinetic patterns in Figs. 3 and 4 could be recognized as a special case of the ping-pong mechanism, where the parallelism and linearity of the double reciprocal plots are maintained. Therefore, the kinetic type of all four reductase reactions was of a ping-pong mechanism; a-NADH oxidation was the rate-determining reaction in a-NADH dependent reductase reaction, whereas the reduction of the acceptors was the ratedetermining reaction in /3-NADH-dependent (7), may be explained by this mechanism.
Inhibition of the a-NADH-DCPIP Reductase Reaction with NAD* and ADP-A potent inhibitor such as NADP
+ for NADPH-dependent reductase reactions has not been found for NADH-dependent reactions, except anti-j-globulins for microsomal redox components (24, •34) . Therefore, the inhibitory effects of some compounds including pyridine nucleotides and related substances on the a-NADH-DCPIP reductase reaction were investigated. The results are shown in Table II . Among these substances, the reductase activity was moderately inhibited by 2-4 mM adenosine derivatives and NAD + , but was not influenced by NADP + , D-ribose, and nicotinamide. The reductase activity was then measured in 0.1 M pyrophosphate buffer, pH 7.4. However, pyrophosphate did not inhibit the a-NADH-DCPIP reductase reaction. As it was observed that maximum inhibition of the reductase activity was attained with ADP, the effect of ADP concentration on the reductase activity was investigated and the inhibition pattern was compared with that of a-NAD + . These are shown in Fig. 5 a-NAD + , and about 90% of the reductase activity was inhibited by 20 mM ADP. As the rate of a-NADH-DCPIP reductase activity was about 10% of that of j9-NADH-DCPIP reductase activity, DCPIP-reducing activity with a-NADH was about \% of that with /5-NADH in the presence of 20 mM ADP (Table III) .
Kinetics of Inhibition of the a-NADH-DCPIP Reductase Reaction with ADP and a-NAD
+ -To analyze the mechanism of the inhibitions, the kinetics of the inhibitions were observed. The double reciprocal plots of reductase activity versus the concentration of a-NADH in the presence and absence of ADP showed that ADP inhibited the reductase reaction in a competitive manner with respect to a-NADH (Fig. 6) , and a value of 1.2 mM for the inhibition constant of ADP was obtained from the slopes of the two lines. The inhibition of the reductase reaction by ADP was then compared with that by a-NAD + . The inhibition patterns of ADP and a-NAD + were similar (Fig. 5) . However, a distinct difference was found when v o /vi was plotted against the concentration of inhibitors, where v 0 and Vi represent the reductase activity in the absence and presence of the inhibitor, respectively (Fig.  7) . The plots with ADP were linear, while Table I , and i, s, and v o jvi in Fig. 7 were used.
those with a-NAD + saturated on increasing the concentration of a-NAD + . A value of 1.2 mM was obtained for the inhibition constant of ADP by using the equation in Table IV . This value was the same as that obtained from Fig. 5 . However, with a-NAD + , the curve in Fig. 7 seemed to indicate the existence of two types of reductase reactions, one of which was resistant to a-NAD + inhibition. In fact, about 30% of the reductase activity was hardly inhibited by or-NAD + . Therefore, the equation . shown in Table V the effect of ADP on the reduction of cytochrome bi was investigated. The results are shown in Fig. 8 . The rate of cytochrome b s reduction by 15 piU jS-NADH slightly decreased in the presence of 12 /*M DCPIP and 20 mM ADP, but it was still too rapid to measure (Fig. 8) . When a-NADH was used as a substrate, the rate of both cytochrome b s and DCPIP reduction decreased on increasing the concentration of ADP (Fig. 8) . As DCPIP shows absorbance at 424 nm which decreases on reduction, the changes in absorbance at 424 nm were corrected by comparison with the changes in absorbance at 600 nm. Therefore, increase in absorbance at 424 nm in Fig. 8 . The changes in absorbance were followed at 424 nm and 600 nm, simultaneously, and absorbance due to DCPIP at 424 nm was corrected based on that at 600 nm using the ratio of absorbance of DCPIP between 424 nm and 600 nm.
electron from a-NADH. Even in trie absence of DCPIP, the rate of cytochrome 6 5 reduction and the steady-state level of a-NADH-reduced cytochrome b b decreased on increasing the concentration of ADP (Fig. 9) . The more the concentration of a-NADH was decreased, the more the rate of reduction and the steadystate level of cytochrome b 5 decreased. Therefore, ADP inhibited not only the NADH-DCPIP reductase reaction, but also cytochrome h re- duction. It is interesting to note that more than 90% of cytochrome 6 5 was reduced with 10 fiM a-NADH in the presence of 20 mM ADP, under which conditions about 90% of the a-NADH-DCPIP reductase reaction must be suppressed, and the suppressed activity was about 1% of the jS-NADH-DCPIP reductase reaction.
Kinetics of Reoxidation of NADH-reduced Cytochrome b b -ln addition to this effect of ADP, it was confirmed that the reoxidation of cytochrome b 5 reduced with /3-NADH was biphasic when the process was analyzed by the previously reported method (75) (Fig. 10, D-F) . However, the kinetic pattern with a-NADH differed from that with /3-NADH (Fig. 10, A-C) . Until more than 70% of cytochrome b s was reoxidized, the process was monophasic, and the typical biphasic pattern seen with /S-NADH was not observed. Furthermore, the estimated apparent rate constant of reoxidation of cytochrome b*, reduced with a-NADH was almost identical with the initial rate of reoxidation of cytochrome 6 5 reduced with /9-NADH (Table VI) .
DISCUSSION
We have observed the kinetic properties of microsomal NADH-dependent reactions using a-NADH as a substrate. The kinetic properties with /3-NADH were greatly modified from those with a-NADH and some of the redox properties which could not be detected with /3-NADH were observable. As is apparent from the results in Fig. 8 , cytochrome b<, was almost fully reduced by a moderately high concentration of /3-NADH in the presence of ADP. Accordingly, inhibitors which inhibit about 90% of NADH-DCPIP reductase activity may not be used for the inhibition of slow microsomal reactions which require electrons from cytochrome b 5 . This problem might be overcome by the use of a-NADH and ADP. If it is assumed that the overall rate of DCPIP reduction reflects the rate of electron donation to reactions such as fatty acid desaturase and lanosterol oxidase, the rate with 10 IJM a-NADH and 20 mM ADP could be estimated as approximately 9 nmoles/min per mg of microsomal protein from the kinetic constants obtained from the present experiments. When 1 juM a-NADH is used, the rate is calculated as 0.9 nmole/min per mg of microsomal protein. These values are still higher than the specific activities of the two mixed function oxidases (9, 10) . However, the rate of nonspecific a-NADH oxidation in the absence of such acceptors was reported to be 1-2 nmoles/ min per mg of protein (7) . Accordingly, the possibility still remains that the rate might be suppressed to 0.1-0.2 nmole/min per mg of protein by the use of ADP. The effect of ADP on a-NADH oxidation and a-NADH-dependent oxygen consumption is now under investigation.
The existence of two kinetically different types of a-NADH-DCPIP reductase reactions in microsomes was indicated by an analysis of the results in Fig. 7 . Other possibilities may be ruled out for the following reasons, (a) a-NAD + did not reduce DCPIP or cytochrome b s , i.e. there was no a-NADH-generating reaction in microsomes (7), (b) the NADPH-DCPIP reductase reaction was not inhibited by a-NAD + , (c) a-NADH did not compete with NADPH in the NADPH-cytochrome c reductase reaction (7), and NADP + did not inhibit the a-NADH-DCPIP reductase reaction, and (d) even if the kinetics of competitive inhibition for a single enzyme seem to be applicable to the plots at low concentrations of a-NAD + in Fig. 7 , they are not compatible with the plots at high concentrations of a-NAD + . UnVol. 78 No. 4. 1975 der these conditions, the plots with respect to ADP showed a clear straight line. The difference in the mode of inhibition between a-NAD + and ADP is unknown. It might be due to a difference in the properties of the active sites of the two forms of the reductases. However, it is not definitely proved whether two species or two forms of the reductase exist in microsomes.
Concerning functional and stoichiometric relationship between the reductase and cytochrome b s in the microsomal membrane, the results in Fig. 9 indicated that about 10% of the reductase was sufficient to produce rapid reduction of cytochrome b 5 . Furthermore, this results together with a comparison of the results obtained with a-NADH and ADP and with /3-NADH suggests a diversed electron flow from NADH to cytochrome b s in microsomes ; this seems to be reconcilable with the model experiments reported (25, 26) .
It was shown that the oxidation of a-NADH was the rate determining step in both a-NADH-DCPIP and a-NADH-cytochrome c reductase reactions. If the overall rates of both reactions depend completely upon this rate determining reaction, the maximum reaction velocities of the two reactions should be equal. However, the maximum reaction velocity of the a-NADH-cytochrome c reductase reaction was three times greater than that of the a-NADH-DCPIP reductase reaction (Table I) . The reason for this discrepancy is unclear. Some influence of acceptor reduction on the rate-determining reaction might be considered, or it might be due to a difference in reaction mechanisms between the two reductase reactions. The a-NADH-DCPIP reductase reaction involves two-electron transfer, while the a-NADH-cytochrome c reductase reaction involves one-electron transfer, and cytochrome c is reduced via cytochrome 6 5 . Electron sharing between DCPIP and cytochrome b 5 might also cause such a difference in the maximum reaction velocity.
Previously, the existence of functional and unfunctional cytochrome b 5 was suggested by the biphasic reoxidation of reduced cytochrome b 5 (75). When a-NADH was used as a substrate, such a biphasic process was not distinguishable, and the apparent rate constant of reoxidation of a-NADH-reduced cytochrome b$. was almost identical with that of the initial phase of reoxidation of yS-NADH-reduced cytochrome h. As it has been reported that cytochrome b b was reduced by /S-NAD + in rat liver microsomes (55), the NADH-generating reaction might produce the second slow reoxidation of /S-NADH-reduced cytochrome b 5 , during which concentration of reduced cytochrome b$ decreased and ^-NADH was effectively generated from the accumulated £-NAD + . The precise mechanism of the biphasic reoxidatioa of /3-NADH-reduced cytochrome b h , however, require further investigation.
